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ABSTRACT 

Roles of urban energy simulation become important 

for sustainable city design and energy management. 

In this context, a single reduced model that can 

describe a number of buildings is proposed and tested 

in this paper. Simulation results show that the 

proposed single reduced model for multiple buildings 

can give very similar results with separate reduced 

models in load calculation. However, the calculation 

time of the single reduced model is more important 

than the case of several reduced models because the 

PID controller used in Dymola to calculate building 

loads requires more iterations for a MIMO (multi 

inputs and multi outputs) system than a SISO (single 

input and single output). In conclusion, the use of a 

single reduced model can be a solution for urban 

energy simulation, but further work is needed to 

simplify calculation processes by an optimal solver. 

 

INTRODUCTION 

Precise urban energy simulation is a rising issue in 

the domain as it can provide plenty of valuable 

information for sustainable city design. A proper 

modelling of buildings, each of which plays a role as 

an energy node, is crucial to predict accurate city 

energy consumption and to optimize energy uses in 

the city.  

Several modelling methods of different levels of 

detail have been developed for this purpose. A 

typical method is the heuristic approach that city 

empirical data are analysed and a simple statistical 

model is adopted. In this category, many uncertainty-

analysis methods have been used (Morris et al., 

2014). As this approach cannot directly reflect 

changes in materials and systems of buildings, the 

grey-box model approaches have been developed 

(Déqué et al., 2000, Plessis et al., 2011). The validity 

of this approach is strongly affected by the building 

typology selected for the model development.  

Recently, a simple direct model has been developed 

for bottom-up city modelling. An attempt is the 

development of the urban simulation tool CITYSIM 

(Robinson et al., 2009). In this tool, lumped RC 

models are used for buildings in a district scale. On 

the other hand, building models in detailed 

commercial simmulation tools have been directly 

used for urban energy simulation (Courchesne-Tardif 

et al., 2011.). This is the most detailed approach 

among current urban simulation methods, but 

cosiderable computational resources and efforts are 

required. 

In this context, a reduced model for a single building 

was previously proposed that uses fewer equations 

and at the same time keeps the high level of detail 

found in a detailed building simulation model. Since 

each reduced model represents a single building, n 

reduced models must be defined and simulated for n 

buildings in a city considered. However, if a single 

reduced model can describe a number of buildings, 

the model can be very useful to rapidly optimize city 

systems, e.g. district heating networks, without 

requiring important computational resources. 

This possibility is tested in the paper. Above all, the 

component models of the previous model are 

replaced by ones of an open source model library for 

wider use. Then, a number of building models are 

assembled and transformed into a single model, and 

its performance is compared to the initial reference 

model.   

 

PREVIOUS WORKS 

In the previous works, a single building model is 

developed for a single building in a city. A simplified 

model (SM) was developed to deduce a reduced 

model (RM) model. Since the reduction technique 

adopted in the work is only applicable for LTI (linear 

and time-invariant) systems, some assumptions and 

modifications are made to define LTI-type SM 

model. They are summarized as follows: 

 

 Use of an equivalent wall for all the walls 

 Use of an equivalent window for all the 

windows 

 Use of constant long-wave heat exchange 

coefficients 

 Externalization of calculation of variable 

solar transmittance rates through windows 
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With the modifications above, three average solar 

inputs over all the envelopes were defined:  

 

�̅�𝑡𝑟𝑎𝑛𝑠(𝑡 )

=
∑ 𝑆𝑤𝑖𝑛_𝑖 × (𝛷𝑑𝑖𝑟_𝑖 × 𝜏𝑖(𝑡) + 𝛷𝑑𝑖𝑓_𝑖 × 𝜏𝑂  )𝑖

∑ 𝑆𝑤𝑖𝑛_𝑖𝑖

 

                                                                  (1) 

 

�̅�𝑎𝑏𝑠𝑤𝑖𝑛
(𝑡) =

∑ 𝑆𝑤𝑖𝑛_𝑖 × (𝛷𝑑𝑖𝑟_𝑖 + 𝛷𝑑𝑖𝑓_𝑖  )𝑖

∑ 𝑆𝑤𝑖𝑛_𝑖𝑖

 

                                                                               (2) 

 

�̅�𝑎𝑏𝑠𝑤𝑎𝑙𝑙
(𝑡) =

∑ 𝑆𝑤𝑎𝑙𝑙_𝑖 × (𝛷𝑑𝑖𝑟_𝑖 + 𝛷𝑑𝑖𝑓_𝑖 )𝑖

∑ 𝑆𝑤𝑎𝑙𝑙_𝑖𝑖

 

                                                                              (3) 

 

Further descriptions of the three solar inputs are 

detailed in the work of Kim et al. (2014). Figure 1 

shows a schematic on how to calculate these average 

inputs from the irradiance values on each orientation. 

The average values are defined in an externalized 

module for each building, and the values are 

multiplied by surface area (m2) in the model. The 

transmitted solar flux Φtrans is assumed directly 

absorbed on the floor. Other inputs are Tout and Tsky, 

the outdoor and sky temperatures, respectively. P is 

the thermal input (heating or cooling, for example).  

In the figure, the envelopes are the equivalent wall 

and window. Inside each model, many sub-

component models are included in a hierarchical 

manner.  

 

 

Figure 1 SM model structure using equivalent 

envelopes and model inputs 

 

This modelling is achieved mainly using Dymola 

(Dymola, 2013), a Modelica interface. This selection 

is crucial in the work to achieve the model reduction 

as the tool allows easy extraction of a LTI system 

from simulation projects.  

This SM model was defined using the EDF’s 

BuildSysPro (Plessis, 2014) Modelica library. The 

level of detail of the SM is very similar to the EDF 

previous building energy simulation tool Clima2000 

(EDF, 1998).  

The SM model defined in Modelica using the library 

can be exported into a Matlab data file (.mat), and 

this SS model is imported in Matlab to apply a 

reduction technique.   

Among reduction techniques, LTI system-based 

approaches are only considered as those are very 

accurate and numerically stable. It is still difficult to 

adopt a reduction technique for non-LTI systems.  

Various techniques have been developed and used for 

the LTI system, but Moore’s method (balred) 

(Moore, 1981) is regarded as one of the most relevant 

methods (Palamo et al., 1997). The main procedures 

of the method are given in equation 4. 

 

{
�̇�(𝑡) = 𝐀𝐎𝐓(𝑡) + 𝐁𝐎𝐔(𝑡)

𝐘(𝑡) = 𝐂𝐎𝐓(𝑡) + 𝐃𝐎𝐔(𝑡)
  

↓ Basis change  

{
�̇�(𝑡) = 𝐀𝐂𝐗(𝑡) + 𝐁𝐂𝐔(𝑡)

𝐘(𝑡) = 𝐂𝐂𝐗(𝑡) + 𝐃𝐂𝐔(𝑡)
 (4) 

↓ Reduction  

{
�̇�(𝑡) = 𝐀𝐗(𝑡) + 𝐁𝐔(𝑡)

𝐘(𝑡) = 𝐂𝐗(𝑡) + 𝐃𝐔(𝑡)
  

 

The matrix Ao is obtained from the capacitance 

matrix and the conductance matrix. Bo describes 

relations between inputs and states in the SM model. 

Similarly, Co and Do are used to account for physical 

relations among inputs, outputs, and states.  

In Moore’s method, the reduction can be achieved by 

eliminating the state variables of lower degrees of 

controllability and observability. Since each state 

variable has not necessarily the same degree of 

controllability and observability, the initial system 

(AoBoCoDo) is transformed in basis (T↦X) where 

both the controllability and observability are 

balanced. The system after the state coordinate 

transformation becomes AcBcCcDc.  

According to a user-defined reduction order r, the 

RM model can be defined by selecting the r-state 

variables that have more controllable and observable 

features. Finally, the RM model is expressed as 

ABCD as given in equation 4. The work proposed a 
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6-order (O(6)) RM model as an adequate order for 

hourly annual simulations. 

 

NEW SM USING BUILDINGS LIBRARY 

The SM model described above is newly defined by 

using the open library Buildings (He, 2014). The idea 

is that the basic elements of models in the Buildings 

library remain intact but the physical detail and the 

model structure are modified to make this new SM 

model almost similar to the previous BuildSysPro 

version. 

Figure 2 shows the equivalent wall model using the 

Buildings library. Each component model is provided 

from the library, but some are redefined to get a final 

LTI model (e.g. use of a constant long-wave radiative 

heat exchange coefficient).  

The equivalent window model is defined in a similar 

way to the wall case. A complexity found in the 

window model proposed in the original Buildings 

library is simplified. Thus, the window model in the 

Building library is slightly different from the 

proposed model.   

The process from weather data to required inputs is 

similar to the Buildings case (e.g. the weaBus 

connector is used). A new calculation module is 

added to get the adequate input boundary conditions 

to the SM model (i.e. the three mean solar radiation 

inputs).  

 

 

Figure 2 Equivalent wall model using Buildings-

library components 

 

A detailed comparison of levels of detail between the 

Buildings library original model and the proposed 

SM model is needed . However, it is out of the scope 

of the current paper.   

It is expected that this new Buildings-library SM 

model will show almost the same results as the 

previous BuildSysPro version does since the level of 

detail is the same. 

 

A REDUCED MODEL FOR BUILDINGS 

The SM model is defined for a single building case, 

and thus modelling of n buildings requires n SM 

models and consequently n RM model as explained 

in the section Previous Works.  

As this paper is focused on the possibility to use a 

single RM model for a number of buildings, the n 

SM models are assembled and global inputs and 

outputs are set up to generate a single LTI system 

model as shown in Figure 3, where 10 buildings are 

modelled. For each building, 2 common inputs (Tsky, 

Tout) and 4 individual inputs are used. Here, the value 

P(W) indicates hourly energy into the indoor space, 

and according to this value, the indoor temperatures 

will change. When the resultant indoor temperatures 

are within a range of comfort, this value becomes the 

building energy load. 

From these assembled models, a single SS (state-

space) model can be obtained using a function in the 

Modelica_LinearSystems2 sub-library. This SS 

model is reduced into a lower-order model using the 

Moore reduction technique. 

As mentioned earlier, a proposed 6-order reduced 

model for a single building model showed 

satisfactory results (Kim et al., 2014). In this work, 

order independency test will be carried out for 

multiple-buildings cases in order to use fewer 

equations. 

 

 

Figure 3 Assembled SM models for 10 buildings 
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On the other hand, through reduction, the initial 

matrix terms become woven since the reduction 

process requires a basis change (Kim et al., 2014). In 

equation 1, the matrix Ac and A are full of terms 

while Ao is diagonal (a very sparse matrix). 

Therefore, a change of an input P belonging to a 

certain building model can affect the states of other 

building models. This characteristic may cause 

numerical instability during calculation process. 

 

TEST METHODOLOGY 

To test the possibility of the use of a single RM 

model, n RM models are compared with the single 

RM model that is obtained from the assembled SM 

models. Both RM models are obtained in SS 

representation (ABCD in equation 1) from the 

Matlab function. These matrices (.mat) are provided 

to the Modelica StateSpace model (see Figure 4) to 

run simulation. In the diagram, the Laplace-domain 

formalism is given, but the matrices ABCD are the 

same for any domain representation.  

 

 

Figure 4 Modelica StateSpace model 

 

For tests, ten buildings are used, each of which has 

distinct thermal characteristics. For the n RM model 

case, each building SM model is exported as an SS 

model, and after reduction in Matlab, the 

correspondent 10 RM models are newly imported via 

10 Modelica-SS models.  

In this case, the indoor air temperature Tin, the single 

output in the model, becomes the observed variable 

to control the input P by a PID controller. Since 

Modelica is an acausal modelling tool, the load 

calculation is achieved using a PID controller 

(Ghiaus, 2013).  Here, no other variables are 

intervened in this iterative process, and thus it is 

SISO problem (single-input and single-output). 

For the single RM model case, an assembled model 

that has 10 SM models is exported to get a single SS 

model. Similarly, after reduction, a single RM is 

imported using a single Modelica-SS model. Ten PID 

controllers are used to calculate loads for 10 

buildings. In this problem, as all the states are 

connected one another after the basis change, the 

system is a MIMO – multiple-input and multiple-

output. This may require more iterations to get all the 

outputs (10 Tin) correctly reached at set point 

temperatures.  

 

RESULTS AND DISCUSSION 

In this study, the SM model defined with 

BuildSysPro is transformed with the Buildings open 

library. He (2014) carried out a detailed comparison 

test between the Buildings and BuilSysPro SM 

models, and both are in a very good agreement. As 

mentioned earlier, this is very natural as both models 

use the same assumptions. The comparison was 

required only for verification and debugging.  

It is also required to test the validity of models, each 

of which was modified considerably. The 

simplification methods used for defining the SM 

model from the reference DM model such as 

linearization and externalization were tested. 

Simulation results were very similar, and details are 

given in (Kim, 2014). Thus, various tests only on 

reduction methods remain in this paper.  

Hourly simulations run for the tests, and only 

heating/cooling loads are calculated. The parameters 

used for 10-buildings case are given in Table 1.  

 

Table 1 Parameters of 10 buildings 

 B1 B2 B4 B5 B6 

Vin (m3) 180 720 1125 1800 5625 

S (m2) 72 288 450 720 2250 

Windows (m2) 45 80 150 180 420 

Sw/St 0.38 0.33 0.50 0.30 0.28 

Uwall (W/m2K) 0.27 0.27 0.27 0.27 0.27 

 B6 B7 B8 B9 B10 

Vin, S,  

Windows, Sw/St 
〃 〃 〃 〃 〃 

Uwall 3.05 3.05 3.05 3.05 3.05 

 

SM model vs. RM model 

Figure 5 shows differences between the SM and n 

RM models. The results of the RM model are 

obtained using 10 RM models. Each RM model that 

describes a building has only 6 states - O(6). Thus, 

60 states are used for 10 buildings. In this figure, the 

load range is between +300 kW(h) for heating and -

300 kW(h) for cooling. The differences are only 

within 2 kW(h), showing the pertinence of the RM 

model. The approach using n RM models can still be 

useful for urban energy analysis.   
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Figure 5 SM vs RM (n models)  

 

Single RM model vs. n RM models 

Figure 6 shows results of the single RM model case. 

This is the target model in this paper. As shown in 

the figure, this single RM model is accurate 

compared to the previous n RM models. This implies 

a possibility to use a single lower-order SS model for 

a number of buildings.  

However, the model order is set to 50. Further tests 

to reduce the model order are not allowed in this test 

as other cases generate a numerical instability. Since 

this single RM model is a MIMO system and all 

inputs are controlled using separate PID controllers, a 

numerical divergence can occur during iterations. 

Thus, the current iterative method and a 

corresponding solver is not the best for this single 

RM model.  

 

 

Figure 6 a single RM vs n RM models 

 

Single RM model for calculating Tin 

To test the performance of the single RM model in a 

direct calculation case (i.e. without iterations), only 

the indoor air temperatures (Tin) are measured using 

the same inputs except P. All P values are set to 0, 

and no PID controllers are used. 

Three cases are tested: O(50), O(10), and O(4). The 

last case indicates that the matrix A has only 4 by 4 

terms in its RM model. The results shown in Figure 7 

are the average indoor air temperatures of the 10-

building RM models. 

The top graphs show that a RM model of lower order 

is less accurate. This is an expected result for any 

reduction techniques. However, the differences are 

slightly small, showing less than 0.5 K, acceptable 

for the purpose of urban energy simulation. The 

magnification graph in the figure clearly shows 

similar dynamics among the models.      

 

 

Figure 7 Indoor temperatures for different-order RM 

models 

 

Time comparison 

CPU time required for simulations of different RM 

models is measured. Table 2 shows the CPU time 

results for hourly simulations of 10 buildings. The 

single RM model are slower than the n RM models 

even if they are of similar order. This can be 

explained by the fact that the single RM model is the 

MIMO system as discussed above. In fact, when 

removing this characteristic, the single RM model 

becomes very fast as given in the table. 
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Table 2 CPU time of RMs in Dymola 

 
CPU TIME 

(SEC) 
SYS. 

RM O(60) – n models 81 SISO 

RM O(50) – single model 499 MIMO 

RM O(50) – single model 4 Direct 

 

For cases of direct calculation, the CPU time of the 

single RM model and its order are linearly 

proportional. A 4-order model requires only less than 

1 second for an annual hourly simulation of 10 

buildings. This implies that a number of buildings in 

urban area can be simulated very rapidly when a 

very-low-order RM model is used (e.g. ambitiously 

simulating 10000 buildings within a second, by using 

only a single 10-order RM model). 

 

 

Figure 8 Linear increase of CPU time with RM order 

(direct calculation - without PID controller) 

 

CONCLUSION 

Roles of urban energy simulation become important 

for sustainable city design and energy management. 

An ideal approach is a bottom-up modelling as it 

gives plenty of valuable information.  

For this context, a single RM model for a number of 

buildings is tested. Multiple RM models are used as a 

reference model.   

Results showed a good agreement between the single 

RM model and the multiple RM models. However, 

the reduction rate of the single RM model cannot be 

much reduced compared to the multiple RM model. 

This is attributed to system characteristics and the 

load calculation method in the Modelica environment. 

After the basis change required for a reduction 

technique, the state independency among building 

models is over, and an input change to a building 

model can affect all other states. This characteristic 

may lead to a numerical instability when using the 

PID controller, which is typically used for load 

calculation in Dymola.  

A simple simulation for average indoor air 

temperatures of buildings is tested to remove such a 

feature. Results showed that the single RM model of 

very-low order can accurately reproduce the model 

dynamics found in the multiple RM models. In 

addition, the CPU time required for annual hourly 

simulations is less than 1 sec. This implies a great 

possibility of the use of a single RM model for a 

number of urban buildings if a very-low order RM 

model can give results within an acceptable error 

range.  

Thus, if a direct calculation method for the load 

calculation in Dymola is developed, the use of a 

single RM model can be a good approach for bottom-

up modelling and simulation of urban energy systems, 

particularly in terms of computational time.   

 

NOMENCLATURE 

ABCD   =  matrices in the state-space representation 

MIMO   = mulitple-input and multiple-output 

N           = number of buildings 

O           = model order 

r            = reduced order 

S           = surface area (m²) 

SISO     = single-input and single-output 

T           = temperature (K) 

T           = temperature state vector 

U           = solicitation vector 

V           = volume (m3) 

Y           = output vector 

Ỹ           = approximated output vector 

t            = time (s) 

 

GREEK SYMBOLS 

Φ     =  solar heat flux (W/m²) 

τ      =  variable transmittance rate 

 

SUBSCRIPTS 

abs     = absorbed solar flux 

dif      = diffuse solar irradiance 

dir      = direct solar irradiance 

i         = ith- orientation 

in        = indoor air temperature 

o         = original model  

out      = outdoor temperature  

c         = complete model  
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sky      = sky temperature 

trans   = transmitted solar flux  

t          = total  

win     = windows 

wall    = walls 
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